Citric acid cycle activity in mitochondria from mung bean (Phaseolus aureus var. Jumbo) hypocotyls were examined by surveying (a) Higher plant mitochondria exhibit many respiratory activities different from those of mammalian mitochondria (14, cf. 23). For example (a) plant mitochondria readily oxidize malate and externally applied NADH, whereas animal mitochondria oxidize malate poorly and do not oxidize externally applied NADH; (b) respiratory patterns in the oxidation of succinate and other substrates by plant mitochondria differ from those demonstrated with animal mitochondria; and (c) rotenone, by far the most potent inhibitor of NADH oxidase in animal mitochondria, is a weak and incomplete inhibitor of plant mitochondrial respiration. In order to characterize the respiratory properties of plant mitochondria further, current research is concerned with elucidating metabolic regulation of CAC6 activity in mung bean mitochondria.
CoA, NAD, and electron transport carriers. Cycle activity in the mitochondria is not direcdy correlated with the activities of the enzymes measured in extracts. These studies led to the conclusion that the region between malate and citrate is an important regulatory area in citric acid cycle functioning in isolated mung bean mitochondria.
Higher plant mitochondria exhibit many respiratory activities different from those of mammalian mitochondria (14, cf. 23) . For example (a) plant mitochondria readily oxidize malate and externally applied NADH, whereas animal mitochondria oxidize malate poorly and do not oxidize externally applied NADH; (b) respiratory patterns in the oxidation of succinate and other substrates by plant mitochondria differ from those demonstrated with animal mitochondria; and (c) rotenone, by far the most potent inhibitor of NADH oxidase in animal mitochondria, is a weak and incomplete inhibitor of plant mitochondrial respiration. In order to characterize the respiratory properties of plant mitochondria further, current research is concerned with elucidating metabolic regulation of CAC6 activity in mung bean mitochondria.
In contrast with several extensive studies on metabolic control of CAC activity in mammalian mitochondria (e.g. 27, 28) attempts to examine the over-all functioning of higher plant mitochondria (3, 13) have been sparse in recent years. In this com-munication, we identify the reactions between malate and citrate as the most important regulatory area for cycle activity in mung bean mitochondria.
MATERIALS AND METHODS
Preparation and Extraction of Mitochondria. Mitochondria were isolated from the hypocotyls of 5-to 6-day-old mung bean (Phaseolus aureus var. Jumbo) seedlings, grown at 27 C in the dark. The mitochondria were prepared according to recommendations made by Ikuma (22) . The grinding medium consisted of 500 mm mannitol, 1 mm EDTA, 5 mm cysteine-HCl, 0.2% BSA (w/v), and 10 mm K phosphate, pH 7.2; and the suspension medium contained 500 mm mannitol, 0.2% BSA, and 10 mM K phosphate, pH 7.2. The final mitochondrial preparation was collected by centrifugation between 750g (10 min) and 5500g (15 min) and suspended in a small volume of the suspension medium.
Mitochondrial extracts used in the enzyme survey were prepared according to a modification of the method of Klingenberg (24) . Mitochondria (1.5 ml, 45 mg protein) were suspended in 8.5 ml of the extraction medium consisting of 100 mm K phosphate, pH 7.2, 10 mm glutathione, 1 mm ADP, and 0.01% BSA, and allowed to stand in an ice bath for 30 min. The suspension was centrifuged for 20 min at 20,000g. The supernatant was set aside as the S-1 fraction (9.5 ml, 0.7 mg protein). The pellet was suspended in 6 ml extraction medium sonicated for 60 sec at the No. 8 position of a Branson Sonifier, and centrifuged for 20 min at 20,000g. The pellet was suspended in extraction medium yielding the R-1 fraction (1.5 ml, 23 .1 mg protein). Very little or no enzyme activity was detected in this fraction, and the results from this fraction are not included in this report. The supernatant from the sonicated mitochondria was adjusted to a volume of 10 ml with extraction medium and centrifuged for 60 min at 100,000g. The resultant pellet was suspended in extraction medium yielding the ETP fraction (1.6 ml, 11.7 mg protein). The final supernatant was saved as the S-2 fraction (10 ml, 3.9 mg protein).
For quantitative analyses of CAC intermediates, mitochondria were first deproteinized with 3.5% (w/v) HCl04, followed by neutralization with 1 M K2CO3 to pH 6 to 6.5 in the presence of 100 mM triethanolamine to ease the pH adjustment. After centrifugation to remove precipitated KCl04, the resultant supernatant was used for assays of intermediates (39) .
Assay Procedures. The protein content of mitochondria was determined by a biuret procedure (17) The sequence of additions to the 02 electrode cuvette is as follows: mitochondria, substrate (1 min after mitochondria), the first ADP (2 min after substrate), and the second ADP (1 min after the establishment of second state 4). Effects of TPP, NAD, and/or ATP were examined by adding these compounds prior to mitochondrial addition at a final concentration of 0.25 mm each. The final concentration of substrate was 10 mm except for malate (33 mM), isocitrate (8 mM), NADH (0.5 mM), and malate sparker (1 mM) with pyruvate. Roman numerals (III and IV) denote respiratory states 3 and 4; subscripts (1, 2, and 3) refer to the first, second, and third. In this table, -denotes no further changes in later respiratory states. (34) . These results suggest that mung bean mitochondrial preparations are somewhat deficient in TPP.
The presence of exogenous NAD and TPP in the reaction medium did not change the respiratory rates of various substrates appreciably over TPP addition alone. When NAD was added in the absence of TPP (results not shown), the results were essentially identical to those of the control. These results imply that NAD is not limiting for any cycle reaction (see Table  IV (Table in Fig. 1 inset) are quite comparable to those reported elsewhere (25) . In addition, the lack of stimulation with exogenously added Cyt c and NAD can be explained by the spectrum which shows a high content of these carriers.
The results provided in Table I and Figure 1 , together with closely related data referred to above, establish that isolated mitochondria (a) contain the full complement of CAC enzymes and electron transport carriers; and (b) are somewhat deficient in TPP and ATP ( enzyme activities were determined in mitochondrial extracts, fractionated into two soluble and one particulate fraction (Table   II ). The highest specific activities for aconitase, succinate thiokinase, fumarase, glutamate dehydrogenase, and glutamate-oxaloacetate transaminase were found in the S-2 fraction. NADisocitrate dehydrogenase, a-ketoglutarate dehydrogenase, and malic enzyme activities could not be detected in the extracts with our assay techniques. Malate dehydrogenase showed extremely high activity in both soluble fractions. Succinate dehydrogenase and NADH oxidase were found primarily in the particulate fraction. Adenylate kinase and ATPase activities were found in all three fractions, but the highest activities were in theS-1 fraction.
When enzyme activities are expressed relative to NADH oxidase activity, the activity of malate dehydrogenase is by far the highest of all enzymes in extracts of mitochondria. Among the remaining enzymes, aconitase and fumarase show the highest activities in the two soluble fractions, while ATPase activity is quite high in theS-1. In the ETP, succinate dehydrogenase, adenylate kinase, and NADH oxidase exhibit very similar relative activities.
The data on enzyme localizations are in agreement with results in the literature (2, 18) . CAC enzymes (except succinate dehydrogenase), glutamate-OAA transaminase, and glutamate dehydrogenase have usually been assigned to the matrix compartment. Adenylate kinase has been found in the intermembrane region. Succinate dehydrogenase and NADH oxidase are closely associated with the electron transport system. While ATPase has (22), NAD is the only detectable pyridine nucleotide in these mitochondria. In general, endogenous NAD levels observed in higher plant mitochondria are in the range of 3 to 6 nmol/mg protein (14, 22, 25 Figure 2 shows the results from a representative. In order to examine the relationship between respiratory chain phosphorylation and CAC activity, the experimental procedure was modified to emphasize the individual effects of ADP and ATP (Table V) . In agreement with Figures 2 and 3 , succinate oxidation produces large quantities of malate and much lower amounts of the other detectable products, whereas malate oxida- Time-course of intermediates produced during succinate oxidation. Mitochondria (1.6 mg protein) were incubated for 1 min in standard reaction medium supplemented with 0.25 mm TPP in a total volume of 3 ml prior to addition of 2 mm succinate. Samples were collected at intervals after succinate addition as shown on the abscissa. In this and subsequent figures, intermediates were extracted and assayed as described under "Materials and Methods." Upper: the utilization of succinate (as recovered from 02 electrode trace) and the accumulation of malate; lower: the accumulation of OAA, pyruvate, and citrate. accounts for more than 70% of the products from succinate oxidation; and (b) the other detectable products are very low in concentration compared to malate. These results show that succinate oxidation allows a large quantity of malate to be produced endogenously and can, therefore, be compared with the results of oxidation of exogenous malate.
The time-course of the formation of intermediates during the oxidation of 20 mm malate is shown in Figure 3 . ADP was added 2 min after malate in order to show an oxidative cycle of states 3 and 4 in the absence or presence of TPP. In the absence of TPP (Fig. 3A) , OAA and pyruvate are formed equally during malate oxidation, but very little citrate appears. In the presence of TPP (Fig. 3B) (Fig. 3A) . These A time-course study with 2 mm presence of TPP (Fig. 4) (Fig. 4) . Although the endogenous level of malate is high (Table IV) , exogenously supplied pyruvate is not oxidized unless malate is added at a sparker concentration (Table I ; see also ref.
3). In addition, OAA added singly is not oxidized by the mitochondria (Table I) , nor is it respired in the presence of pyruvate until OAA is converted to malate (6, 13 
